N-Acylhomoserine lactones (AHLs) function as quorum-sensing signaling molecules in many Gram-negative bacteria. We isolated a total of 672 bacterial strains from activated sludge obtained from seven sewage treatment plants in Tochigi Prefecture, Japan, and screened for AHL-producing and degrading strains. Isolates (n ¼ 107) stimulated AHL-mediated purple pigment production in AHL reporter strains Chromobacterium violaceum CV026 and VIR07. Based on their 16S rRNA gene sequences, most of these AHL-producing isolates were assigned to the genus Aeromonas, and they were divided into six groups. Isolates (n ¼ 46) degraded N-decanoyl-L-homoserine lactone (C10-HSL) within 24 h. Based on their 16S rRNA gene sequences, the most dominant AHL-degrading isolates were assigned to the genus Acinetobacter and divided into six groups. Strains Ooi24, Omo91, and Uzu81, which showed higher C10-HSL-degrading activity, showed putative AHL-acylase activity.
Quorum sensing is a population density-dependent regulation mechanism used by bacteria to regulate gene expression. In many Gram-negative bacteria, several N-acyl-L-homoserine lactones (AHLs) have been found to be signaling compounds involved in QS. 1, 2) When the AHL concentration increases and reaches a threshold due to an accumulation of AHL derived from bacterial cells, AHL receptors belonging to the LuxR protein family form complexes with AHL and regulate the expression of various target genes involved in bioluminescence, pigment production, and antibiotic production. 1, 2) In particular, many Gram-negative pathogens control the expression of secreted virulence factors, such as extracellular proteases, pectinases, and biosurfactants. 1) On the other hand, many AHL-degrading genes have been cloned from bacteria, fungi, and mammalian cells.
3) AHL-degrading enzymes are divided into two functional groups, AHL-lactonase, which catalyzes AHL ring-opening by hydrolyzing lactones, and AHL-acylase, which hydrolyzes the amide bond of AHL.
3) AHL-producing and degrading bacteria coexist in various ecosystems, e.g., in the shrimp gut, the intestine of the Japanese Ayu fish, and plant surfaces. [4] [5] [6] These bacteria have different strategies to gain competitive advantage.
Activated sludge is the most widely used biological wastewater treatment process. Activated sludge treatment removes dissolved and colloidal biodegradable organics from wastewater. 7) It is a complicated mixture of viruses, bacteria, protozoa, and other organisms. 8) It has been reported that the AHL-mediated quorumsensing system affects the wastewater treatment process that uses activated sludge. 9) A number of AHL-producing bacteria have been isolated from activated sludge, and AHL-mediated gene expression and exoenzyme activity contribute to improvements in wastewater treatment by the activated sludge process. 9) On the other hand, it has been observed that quorum sensing was associated with the formation of a biofouling layer on the membrane surface in a membrane bioreactor (MBR) wastewater treatment system. 10) Judging by these previous works, screening of AHL-degrading or -producing bacteria from activated sludge might be significant in the improvement of the wastewater treatment process that uses activated sludge. In this study, we screened for AHL-producing and degrading bacteria from activated sludge in wastewater treatment plant isolates, and characterized their AHL-producing and degrading activities.
Materials and Methods
Isolation of bacteria from activated sludge. Activated sludge was sampled from aeration tanks at seven wastewater treatment plants in Tochigi Prefecture, Japan in 2011 (Fig. 1) . The sludge samples were serially diluted in sterilized distilled water and spread on 1/2-diluted LB agar medium.
11) The plates were incubated in the dark at 30 C for 72 h. Coloniesfrom each sample (n ¼ 96) were randomly chosen and inoculated onto a new 1/2-diluted LB agar medium in the wells of a 96-well plate.
Isolation of AHL-producing bacteria. AHL-producing bacteria were screened with AHL biosensors Chromobacterium violaceum CV026 and VIR07, which respond to short-chain (CV026) and long-chain (VIR07) AHL respectively, by producing the purple pigment violacein. 12, 13) The bacterial colonies isolated from the activated sludge were inoculated onto a 1/2-diluted LB agar medium prepared in the 96-well plates. Two AHL reporter strains were also inoculated onto the lower right or left positions of the well. After incubation at 30 C for y To whom correspondence should be addressed. Tel/Fax: +81-28-689-6176; E-mail: morohosi@cc.utsunomiya-u.ac.jp 24 h, the bacterial colonies, which induced the production of purple pigments of the AHL reporter strains, were selected as AHL-producing bacteria.
Isolation of AHL-degrading bacteria. AHL-degrading bacteria were also screened with AHL biosensors C. violaceum CV026 and VIR07. Bacillus cereus ATCC 14579 was used as a known AHL-degrading strain.
14) The bacterial strains were inoculated into LB medium and incubated for 15 h at 30 C. The AHLs used in this assay, N-hexanoyl-L-homoserine lactone (C6-HSL) and N-decanoyl-L-homoserine lactone (C10-HSL), were synthesized by a previously described method. 15) To produce the AHL stock solution, AHL was dissolved with dimethylsulfoxide (DMSO) at a concentration of 10 mM. A full-grown bacterial culture was inoculated into 4 mL of fresh LB medium (1% inoculum) containing AHL at a final concentration of 10 mM. As control, LB medium containing AHL without bacteria was prepared. After incubation, the cells were removed by centrifugation at 12;000 Â g for 5 min. To detect residual AHL, 250 mL of an overnight culture of CV026 or VIR07 was mixed with 25 mL of LB agar medium and this was poured in the plates. Paper disks, 8 mm in diameter (Advantec, Tokyo), were placed on an agar plate and the AHL samples were applied. Assay plates were incubated overnight at 30 C, and the appearance of pigment was noted.
16S rRNA gene sequencing and computer analysis of the DNA sequence. To identify the bacterial species, the 16S rRNA geneencoding regions were amplified by PCR with Ex Taq polymerase (Takara Bio, Shiga, Japan) and the previously described primers, 27f (5 0 -AGA GTT TGA TCM TGG CTC AG-3 0 ) and 1492r (5 0 -TAC GGY TAC CTT GTT ACG ACT T-3 0 ). 16) Sequencing was done by BigDye Terminator, ver. 3.1 and Applied Biosystems 3500 Series Genetic Analyzer (Applied Biosystems, Foster City, CA). The DNA sequences were compared to others found in the DNA Data Bank with the on-line BLAST search engine (http://www.ddbj.nig.ac.jp/). The CLUSTAL X program was used for phylogenetic analysis of the sequence datasets, 17) and a phylogenetic tree was constructed by the neighbor-joining method. 18) AHL restoration assay. To test for the presence of AHL-lactonase activity, we followed a procedure described previously, with slight modifications. 19) Briefly, a full-grown culture of AHL-degrading strains was inoculated into 4 mL of fresh LB medium (1% inoculum) containing 10 mM of C10-HSL. After incubation, the cells were removed by centrifugation at 12;000 Â g for 5 min, and 90 mL of the supernatant was mixed with 10 mL of 1 N HCl. After incubation for 48 h at 4 C, 20 mL of 1 M phosphate buffer (pH 7) was added for neutralization. The restored C10-HSL was detected with a VIR07 biosensor.
Results and Discussion
Isolation and identification of AHL-producing strains The sludge samples were diluted and spread on 1/2-diluted LB agar medium. Numerous colonies were observed on a 1/2-diluted LB plate after incubation for 3 d. Ninety-six colonies were selected from the seven activated sludge samples, and a total of 672 isolates were examined for further study. These strains were designated Ken (from Ken-o Sewage Treatment Center), Nas (Kita Nasu Sewage Treatment Center), Aki (Akiyamagawa Sewage Treatment Center), Kin (Kinugawa Jouryu Sewage Treatment Center), Uzu (Uzumagawa Sewage Treatment Center), Omo (Omoigawa Sewage Treatment Center), and Ooi (Ooiwafuji Sewage Treatment Center). First, AHLproducing bacteria were screened with AHL biosensors C. violaceum CV026 and VIR07. The results of the AHL-production assay showed a total of 107 bacterial strains that showed obvious AHL-producing activity (Table 1) .
To identify the bacterial species, the 16S rRNA gene-encoding regions were amplified and sequenced ( Table 1 ). The less well represented isolates were assigned to the genera Pseudomonas (1 strain), Citrobacter (2 strains), and Enterobacter (2 strains), but most of the isolates (102 strains) were assigned to the genus Aeromonas. In a previous study, it was found that AHLproducing bacteria in activated sludge samples were dominated by members of the genus Aeromonas. 9, 20) The results of the present study confirm those of that one. Based on the results of a phylogenetic analysis with the 16S rRNA genes, we divided the 102 AHL-producing Aeromonas isolates into four major groups and two minor ones at a similarity level of 99%. Of the major groups, group I was the largest. It included 35 isolates. Group I showed high similarity to A. hydrophyla ATCC 7966. Group II (16 strains), group III (22 strains), and group IV (24 strains) showed similarity to A. media ATCC 33907, A. punctata ATCC 15468, and A. sobria NCIMB 12065 respectively. Of the minor groups, group V included 4 isolates that showed similarity to A. veronii ATCC 35624. Group VI, which included only one strain, Ken05, showed similarity to A. jandaei ATCC 49568. The four major Aeromonas groups, groups I, II, III, and IV, were detected in more than the six sewage treatment plants. There was no significant relationship between the sampling area and the phylogenetic classification of AHL-producing Aeromonas group. It has been reported that Aeromonas strains isolated from activated sludge and from patients in Malaysia mainly produced N-butyryl-L-homoserine lactone (C4-HSL) and C6-HSL. 20, 21) We also checked the structure of AHL produced by Aeromonas strains of the major groups. As for the results, the structure of AHL produced by most of the Aeromonas strains corresponded to C4-HSL and C6-HSL (data not shown). In a previous report, it is stated that the expression of protease is regulated by AHL-mediated quorum sensing in A. hydrophila and A. salmonicida.
22) It is possible that AHL-mediated expression of protease in Aeromonas species affects wastewater treatment by means of activated sludge.
Isolation and identification of AHL-degrading strains AHL-degrading bacteria were also screened from bacteria isolated from the activated sludge. As for the results of the AHL-degradation assay, 46 isolates completely degraded 10 mM C10-HSL within 24 h. To identify the bacterial species, the 16S rRNA geneencoding regions were amplified and sequenced ( Table 2 ). The minor AHL-degrading isolates were assigned to the genera Comamonas (two strains), Stenotrophomonas (one strain), Bacillus (two strains), and Chryseobacterium (three strains). The genera Comamonas, Bacillus, and Chryseobacterium have been reported to be AHL-degrading bacteria. [23] [24] [25] The genera Klebsiella (nine strains) and Pseudomonas (six strains) were more dominant AHL-degrading bacteria in the activated sludge. These two genera have also been reported to be AHL-degrading bacteria. 26, 27) The most dominant AHL-degrading isolates were assigned to the genus Acinetobacter (21 strains). The genus Acinetobacter was found among the activated sludge bacteria. It works as the core organisms to co-aggregate with other sludge-constituting bacteria. 28, 29) Some AHL-degrading Acinetobacter species have been already reported, 19, 30) but it has not been reported that AHL-degrading Acinetobacter species are present in activated sludge. In a previous study, AHL-producing Klebsiella and Acinetobacter strains were isolated from activated sludge. 9) Hence we checked the AHL production of Klebsiella and Acinetobacter strains that were identified as AHL-degrading bacteria in this study, but these bacterial strains did not show any AHL production (data not shown).
Characterization of the AHL-degrading activity of the Acinetobacter isolates
Based on the results of our phylogenetic analysis by means of the 16S rRNA genes, we divided the 21 AHLdegrading Acinetobacter isolates into six groups (Fig. 2) . To determine the time course of C10-HSL degradation, the isolates were inoculated into LB medium containing 10 mM C10-HSL and then incubated with shaking at 30 C. Culture supernatants were prepared after 0, 3, 6, 9, and 24 h of incubation. The C10-HSL remaining in the culture supernatant was visualized with the VIR07 reporter strain. Some strains from the group IV and VI strains completely degraded 10 mM C10-HSL within 9 h, but the group II and III strains showed very weak degrading activity (Fig. 2) . In groups I and V, Acinetobacter strains with higher and lower AHL-degrading activity coexisted. Based on these results, we assumed that there was no relationship between AHL-degrading activity and phylogenetic position. In addition, there was no significant difference between the sampling area and the specificity of the AHL-degrading Acinetobacter strains. To measure the short-chain AHL-degrading activity of the Acinetobacter strains, C6-HSL was used as target molecule in the degradation assay. Most of the Acinetobacter strains showed very weak degrading activity against C6-HSL (data not shown). One of them, Nas02 of group IV, did not show any C6-HSL-degrading activity after 24 h incubation (data not shown). In addition, no supernatant of an Acinetobacter strain interfered with violacein production by the AHL reporter strains (data not shown). These results indicate that the Acinetobacter strains did not produce quorum-sensing inhibitors, but degraded AHL enzymatically.
The AHL-degrading mechanism of Acinetobacter strains
To confirm the presence of lactonase activity, we used Acinetobacter sp. strain Ooi24, which had the strongest AHL-degrading activity among the Acinetobacter strains isolated in this study. B. cereus ATCC 14579, which shows AHL lactonase activity, has been used as control. 14) Homoserine lactone rings hydrolyzed by AHL-lactonase can be recircularized in acidic solutions at lower than pH 2.
19) The degraded C10-HSL was treated with 0.1 M HCl and recircularized C10-HSL was detected by the VIR07 reporter strain. The samples of B. cereus ATCC 14579 incubated for 3 and 6 h, which has AHL-lactonase activity, showed AHL restoration on acidification in this assay (Fig. 3) . On the other hand, the sample of Ooi24 incubated for 6 h did not show AHL restoration on acidification (Fig. 3) . Strains Omo91 and Uzu81, which belong to group I and have higher AHLdegrading activity, also failed to show AHL-lactonase activity (data not shown). In a previous study, most AHL-acylases degraded long-chain AHLs more efficiently than the short-chain forms and some AHLacylases appeared to be unable to degrade AHL with an acyl chain shorter than eight carbons.
3) Although three group I strains showed high AHL-degrading activity against C10-HSL, they had very weak activity against C6-HSL. These results suggest that AHL-degrading Acinetobacter strains produce AHL-acylase as AHLdegrading enzymes. In a previous study, Acinetobacter sp. GG2 degraded a wide range of short-and long-chain AHLs by lactonase activity. 30) That was the first report that Acinetobacter strains might have putative AHLacylase activity.
Concluding remarks
In this study, it was found that there were many AHLproducing and degrading bacteria in activated sludge. Although a 1/2LB medium was used to isolate bacteria from the sludge in this study, it is well known that there are many unculturable bacteria in activated sludge. To elucidate AHL-mediated quorum-sensing signaling in activated sludge, AHL-production and degradation by unculturable bacteria should be investigated. The genera Acinetobacter and Aeromonas were found in a wide range of activated sludge samples in this study, but their roles in wastewater treatment have not been entirely clarified. Activated sludge flocs are composed of various microorganisms at high cell density. Thus there is a good possibility that the quorum-sensing system is activated in them. AHL-producing and degrading bacteria might affect the wastewater treatment process in activated sludge. The bacterial strains were incubated in LB medium containing 10 mM C10-HSL. The degraded C10-HSL was recircularized by acidification. The remaining and restored C10-HSL was visualized with the VIR07 reporter strain.
